Recycling of ascorbic acid from its oxidized forms is required to maintain intracellular stores of the vitamin in most cells. Since the ubiquitous selenoenzyme thioredoxin reductase can recycle dehydroascorbic acid to ascorbate, we investigated the possibility that the enzyme can also reduce the one-electron-oxidized ascorbyl free radical to ascorbate. Purified rat liver thioredoxin reductase catalyzed the disappearance of NADPH in the presence of low micromolar concentrations of the ascorbyl free radical that were generated from ascorbate by ascorbate oxidase, and this effect was markedly stimulated by selenocystine. Dehydroascorbic acid is generated by dismutation of the ascorbyl free radical, and thioredoxin reductase can reduce dehydroascorbic acid to ascorbate. However, control studies showed that the amounts of dehydroascorbic acid generated under the assay conditions used were too low to account for the observed loss of NADPH. Electron paramagnetic resonance spectroscopy directly confirmed that the reductase decreased steady-state ascorbyl free radical concentrations, as expected if thioredoxin reductase reduces the ascorbyl free radical. Dialyzed cytosol from rat liver homogenates also catalyzed NADPH-dependent reduction of the ascorbyl free radical. Specificity for thioredoxin reductase was indicated by loss of activity in dialyzed cytosol prepared from livers of seleniumdeficient rats, by inhibition with aurothioglucose at concentrations selective for thioredoxin reductase, and by stimulation with selenocystine. Microsomal fractions prepared from rat liver showed substantial NADH-dependent ascorbyl free radical reduction that was not sensitive to selenium depletion. These results suggest that thioredoxin reductase can function as a cytosolic ascorbyl free radical reductase that may complement cellular ascorbate recycling by membrane-bound NADHdependent reductases.
Most mammalian cells maintain intracellular concentrations of ascorbic acid, or vitamin C, that are much higher than those in the surrounding interstitial space or in plasma. In nucleated cells, this concentration gradient is generated by uptake of ascorbate on a high affinity energy-dependent transporter (1) . Another mechanism that contributes to this gradient is uptake of dehydroascorbic acid (DHA), 1 the two-electron oxidized form of ascorbate, by facilitated diffusion on the glucose transporter (2, 3), followed by reduction of DHA to ascorbate within cells (4, 5) . Since the ascorbate anion is a poor substrate for the glucose transporter (3) , it leaves the cell only slowly by diffusion (5) . Inside the cell, however, ascorbate is subject to oxidation by free radicals generated in mitochondrial metabolism (6) or by iron-containing proteins such as hemoglobin (7) . These oneelectron oxidations initially produce the ascorbyl free radical (AFR) (8) , and DHA results from dismutation or further oxidation of the AFR. Unless recycled to ascorbate, DHA will be lost from the cell on the glucose transporter or will undergo irreversible degradation to 2,3-diketo-1-gulonic acid.
DHA can be reduced to ascorbate directly by GSH (9) or by any of several GSH-dependent enzymes (10 -12) . However, not all cells appear to rely solely on GSH-dependent DHA recycling (13) . DHA can also be reduced to ascorbate by NADPH-dependent enzymes, including 3␣-hydroxysteroid dehydrogenase (14) and thioredoxin reductase (15) . Nevertheless, the affinities of both GSH-and NADPH-dependent enzymes for DHA are such that they would compete poorly with loss of DHA on the glucose transporter, which is abundant in most cells. Thus, recycling of ascorbate from the relatively long lived and the relatively poorly reactive AFR (16) may be favored over recycling from DHA, especially since the negative charge of the AFR (8, 17) will also tend to keep it within the cell. NADH-dependent AFR reductase activities have been demonstrated in mammalian cells. These activities are typically associated with microsomal or mitochondrial fractions, and with cytochrome b 5 reductase activity (18 -22) . However, sequestration of these enzymes in membrane-enclosed systems may limit their ability to reduce AFR that is generated in cytoplasm. Recycling of the AFR to ascorbate has not been demonstrated for cytosolic GSH-or NADPH-dependent enzymes. Therefore, in this work, we investigated the possibility that thioredoxin reductase mediates the high affinity reduction of AFR to ascorbate and whether this reaction might have physiologic relevance.
EXPERIMENTAL PROCEDURES
Materials-DHA and tridecylamine were from Aldrich. Ascorbate oxidase, NADPH, and Escherichia coli thioredoxin (Trx) were purchased from Sigma. Wako Chemicals supplied the 2,2Ј-azobis(2-amidinopropane)dihydrochloride (AAPH). Thioredoxin reductase (TR) was purified from rat liver according to the method of Luthman and Holmgren (23) and was stored at Ϫ80°C until use. The purity of this preparation has previously been described (15) .
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¶ To whom correspondence should be addressed: 715 Medical Research Bldg. II, Vanderbilt University School of Medicine, Nashville, TN 37232-6303. Tel.: 615-936-1653; Fax: 615-936-1667. the two diets for 14 weeks. At the end of this period, rat weights were similar in each group, as reported previously (15) . The experiment was terminated after an overnight fast, when rats were anesthetized with pentobarbital and exsanguinated by removal of blood from the aorta. Livers were immediately removed, frozen in liquid nitrogen, and stored at Ϫ70°C until assay.
Preparation of Liver Homogenates, Dialyzed Cytosol, and Microsomes-For preparation of dialyzed liver cytosolic fractions, liver was quick-frozen in liquid nitrogen and stored at Ϫ70°C until use. Frozen liver (100 mg) was homogenized in 1.5 ml of ice-cold 50 mM Tris-HCl, pH 7.4, that contained 1 mM EDTA. The homogenate was microcentrifuged at 6000 ϫ g for 15 min at 4°C, and the supernatant was centrifuged at 100,000 ϫ g for 1 h at 4°C. The resulting supernatant was placed in dialysis tubing (3400 molecular weight cut-off) and dialyzed overnight against three changes of 250 ml of Tris-EDTA buffer at 4°C. As noted in previous studies (15) , neither ascorbate nor GSH were detectable by HPLC in dialyzed cytosol. The lower limits for HPLC detection in the incubated cytosol were 0.1 M for ascorbate and 2 M for GSH.
Microsomal fractions were prepared from frozen livers as described previously (25) . Briefly, liver from control and selenium-deficient rats (100 mg/3.0 ml of ice-cold 0.25 M sucrose) was homogenized with 10 strokes of a hand-held Teflon-glass homogenizer and centrifuged for 10 min at 3700 ϫ g. The supernatant was centrifuged at 18,800 ϫ g for 10 min, and the resulting supernatant was centrifuged for 1 h at 100,000 ϫ g. The pellet was suspended in 3 ml of 0.15 M KCl and centrifuged again at 100,000 ϫ g for 30 min. The final pellet containing microsomal membranes was suspended in 0.5 ml of 50 mM Tris-HCl buffer containing 0.26 M sucrose for assay of AFR reductase activity.
Enzyme Assays-NADPH-dependent DHA reductase activity was assayed either as conversion of DHA to ascorbate, with detection of the latter by HPLC, or as NADPH disappearance (15) . AFR reductase activity was measured directly by EPR spectroscopy, as described below, or as the rate of TR-dependent NADPH oxidation. In the latter assay, the AFR was generated by incubating 1 mM ascorbate with 0.05-0.4 unit/ml ascorbate oxidase. Incubations also contained 0.2 mM NAD(P)H, 1 mM EDTA, enzyme source (purified rat liver TR, overnightdialyzed rat liver cytosol, or rat liver microsomes), and other additions as noted in 50 mM Tris-HCl buffer, pH 7.4. The disappearance of NAD(P)H was followed at 340 nm in a Beckman DU-640 spectrophotometer at 23°C. Correction was made in each sample for the very low rate of nucleotide oxidation in the absence of the enzyme source. Rates of NAD(P)H disappearance were linear over the first several minutes of the incubation (results not shown), and these were used to calculate rates of AFR reduction, based on an extinction coefficient of 6.2 mM Ϫ1 ⅐cm Ϫ1 for NAD(P)H and the fact that 1 mol of NAD(P)H can reduce 2 mol of the AFR. For purified rat liver TR, results are expressed as the turnover number by dividing the reaction rate by the moles of enzyme present. Results in experiments with liver microsomes or dialyzed cytosol are normalized to protein content.
In some experiments, the steady-state concentration of the AFR was determined during the first several minutes of incubation under the conditions used for the AFR reductase assay described above, except for the absence of NADPH. The AFR concentration was calculated from its absorbance at 360 nm, based on an extinction coefficient of 3.3 mM
Ascorbate oxidase activity was measured for each series of experiments as a decrease in the ascorbate concentration over time. For experiments in which purified TR was used, ascorbate was measured spectrophotometrically at room temperature as the decrease in absorbance at 265 nm in an incubation that contained the appropriate concentration of ascorbate oxidase and 1 mM ascorbate in 50 mM Tris-HCl, pH 7.4. For experiments in which dialyzed cytosol was used, ascorbate oxidase activity was measured as the fall in ascorbate concentration over time in incubations that contained the oxidase, 1 mM ascorbate, the amount of cytosol used in the AFR assay, and 0.2 mM NADPH. In this assay, ascorbate was measured directly by HPLC after dilution of an aliquot of the incubation mixture in methanol.
EPR Experiments-Time-dependent changes in the AFR concentration were measured by EPR and used to assess AFR reductase activity. EPR data were collected on a Bruker EMX 8/27 spectrometer equipped with a BVT300 variable temperature controller. Sample temperature was maintained at 20 -23°C during data acquisition by blowing precooled nitrogen into the cavity through the front optical port. X-band EPR spectra were collected using a ER041XG-DHA microwave bridge and ER4103TM/9614 cavity.
EPR data were recorded on samples contained in 50-l disposable glass capillary pipettes (VWR Scientific). EPR spectra of the AFR were recorded by computerized data collection using the following instrument settings: 100-kHz field modulation, 1.0-G modulation amplitude, 10-milliwatt microwave observer power, and a 5-G sweep width centered between the two resonance lines of the AFR. The sample components described in the legend to Fig. 5 were mixed rapidly (with the ascorbate added last), loaded into the sample capillary, and placed in the pretuned microwave cavity. Approximately 7-8 s elapsed between the ascorbate addition and the start of data collection. The time constant and conversion time of the spectrometer were chosen to result in a magnetic field sweep time of 42 s. A new AFR spectrum was collected every 2 min following mixing, and the peak to peak amplitude of the low field AFR resonance line was measured (WinEPR data analysis software, Bruker Instruments) and plotted in Fig. 5 .
Other Assays-Assay of reduction of insulin disulfides by TR was determined by the 5,5Ј-dithiobis(2-nitrobenzoic acid) assay described by Holmgren and Björnstedt (27) , with minor modifications (28) . TR activity in dialyzed liver cytosol was measured as recently described by Hill et al. (28) . Protein was measured using the Bradford reagent (29) .
Data and Statistical Analysis-Data are shown as mean Ϯ S.E., except where noted. Curve fitting was carried out for the model noted using the graphics program FigP (Biosoft, Inc., Cambridge, UK). Statistical significance was assessed by one-way analysis of variance with appropriate post hoc tests using the statistical software package Sigmastat 2.0 (Jandel Scientific, San Rafael, CA).
RESULTS
To determine whether TR can reduce the AFR to ascorbate, the AFR was generated by one-electron oxidation of ascorbate with ascorbate oxidase, and AFR reduction by TR was followed spectrophotometrically as loss of NADPH. As shown in Fig. 1 , TR alone resulted in an increase in NADPH oxidation in this system. Neither TR nor ascorbate oxidase individually increased NADPH oxidation in the presence of ascorbate (results not shown), indicating lack of NADPH oxidase activity. The addition of 5 M Trx from E. coli caused a small but consistent increase in the rate of NADPH disappearance. The increase in rate of NADPH loss that was due to TR plus Trx was almost completely prevented by 10 M aurothioglucose, which is a selective inhibitor of TR at the concentration used (28) . The activity of ascorbate oxidase, measured as the decrease in ascorbate at 265 nm in the absence of NADPH, was unaffected by this concentration of aurothioglucose (results not shown). Inhibition of AFR reduction by the gold compound confirms the specificity of the reaction for TR.
A 5-fold increase in the ascorbate oxidase concentration also enhanced TR-dependent NADPH oxidation in the presence of Trx. Together, these results are compatible with NADPH-de- pendent reduction of the AFR by TR. However, dismutation of two molecules of AFR generated in the ascorbate oxidase reaction will produce one molecule each of ascorbate and DHA (30) , and TR can reduce DHA to ascorbate using NADPH as the electron donor (15) . To assess the extent to which reduction of DHA by TR contributed to the NADPH oxidation observed, an incubation was carried out in each experiment with freshly prepared DHA (1 mM), 5 M E. coli Trx, and 0.1 M TR but no ascorbate or ascorbate oxidase. As expected, the loss of NADPH was increased in the presence of DHA, and it is shown for comparative purposes in Fig. 1 as AFR equivalents, rather than as moles of DHA reduced. Incubation of 1 mM ascorbate with the same lot of ascorbate oxidase used for the studies shown in Fig. 1 , but in the absence of NADPH, resulted in a decrease in the ascorbate concentration, which was measured as a fall in UV absorbance at 265 nm. The amount of ascorbate lost per minute, which corresponds to the maximal amount of DHA that could have been generated, was 49 Ϯ 8 M (mean Ϯ S.D., n ϭ 5). Based on the measured rate of ascorbate loss, the average concentration of DHA available to TR would increase by about 25 M over each minute. Given a K m of 0.8 mM for DHA under these conditions (see Fig. 3, inset) , the rate of DHA reduction should still be almost linear up to 1 mM DHA. Therefore, the contribution of DHA reduction to NADPH oxidation by TR plus Trx in the experiments of Fig. 1 would be less than 5% of the initial rate observed at 0.05 unit/ml ascorbate oxidase and less than 8% of that at 0.25 unit/ml ascorbate oxidase.
The addition of 40 M selenocystine instead of Trx, as indicated by the last bar in Fig. 1 , increased the rate of NADPH reduction by 8-fold compared with TR plus Trx. In control incubations not shown, selenocystine in the absence of ascorbate had no effect on the rate of NADPH disappearance in the presence of TR and Trx, indicating a lack of significant redox cycling of selenocystine under these conditions. The marked stimulation of TR activity by selenocystine was also observed for TR-dependent reduction of both DHA and of insulin disulfides, as shown in Fig. 2 . Incubation of TR with 100 M DHA and increasing concentrations of selenocystine enhanced the ability of the enzyme to reduce DHA in a saturable manner, with an apparent K m of 3 Ϯ 0.4 M selenocystine and a maximal rate of reduction or turnover number of 204 min
Ϫ1
. Selenocystine also enhanced the ability of TR to reduce insulin disulfides over a similar range of selenocystine concentrations (Fig. 2) . However, the response in this assay was biphasic, with a decrease in the rate of reaction above 50 M selenocystine. The cause of this decrease is unknown, but additional experiments using higher insulin concentrations showed that it was not due to exhaustion of insulin in the assay (data not shown). Selenocystine-stimulated reduction of both DHA and insulin was completely inhibited by 10 M aurothioglucose (results not shown). Thus, low concentrations of selenocystine enhanced both the catalytic capacity and the affinity of rat liver TR for DHA into the range observed for insulin disulfides.
At a maximal selenocystine concentration of 300 M, ascorbate generation from increasing concentrations of DHA was saturable, with an apparent K m of 0.3 mM DHA and a turnover number of 735 min Ϫ1 (Fig. 3) . These parameters differ from published values in both affinity and maximal activity of DHA reduction by TR alone and by TR plus Trx (Fig. 3, inset) . Selenocystine enhanced the rate of AFR reduction relative to TR plus Trx to a similar extent as that observed for its stimulation of DHA reduction (compare Fig. 1 with Fig. 3, inset) .
The rate of NADPH disappearance, measured as described for the studies shown in Fig. 1 , was used to evaluate the apparent affinity of TR for the AFR over a range of AFR concentrations. Increasing amounts of AFR were generated from 1 mM ascorbate by increases in the ascorbate oxidase concentration (Fig. 4) . The steady-state concentration of the AFR was determined under the same conditions (except for the absence of NADPH) by measuring the UV absorbance of the AFR at 360 nm and is plotted along the x axis. Reduction of the AFR by TR plus Trx increased in a saturable manner, with an apparent K m of 2.8 M and a turnover number of 135 min Ϫ1 . As also shown in Fig. 4 , the addition of selenocystine instead of Trx increased the maximal effect to 304 min Ϫ1 and resulted in an apparent K m of 0.95 M. We attribute the lower maximal rate of reduction shown in these studies in comparison with the experiments shown in Figs. 1-3 to the use of an enzyme preparation with lower specific activity. Nonetheless, these results show that TR has a high affinity for the AFR and that selenocystine increases the apparent turnover number of the enzyme for the AFR.
To confirm that TR reduces the AFR, EPR spectroscopy was used to follow the AFR concentration during reduction. Be- cause of the sensitivity of this method, it was sufficient to generate the AFR by incubating ascorbate in oxygenated buffer or by stimulation with a low flux of water-soluble free radicals that were derived from decomposition of AAPH at 23°C. The typical two-line EPR spectrum of ascorbate is shown in the inset to Fig. 5A . An arrow indicates the low field resonance line whose amplitude was followed with time. Aurothioglucose alone had no effect on the AFR signal generated by 10 mM ascorbate (data not shown), so it was used as a control to establish specific effects of TR and Trx on the AFR signal in all of the EPR data shown. As predicted if the TR system recycles the AFR to ascorbate, a sample containing TR and Trx had a small but consistent decrease in the steady-state AFR signal over the time course studied compared with a sample that also contained 10 M aurothioglucose (Fig. 5A) . Selenocystine decreased the steady-state AFR signal by almost 40% compared with TR and Trx, and the addition of aurothioglucose substantially reversed this decrease in comparison with the signal observed with TR, Trx, and aurothioglucose. As shown in Fig.  5B , when the AFR was generated by AAPH, the amplitude of the AFR was almost doubled compared with results observed with oxygenated buffer in Fig. 5A . The effects of aurothioglucose and selenocystine during AAPH treatment were comparable with those observed with buffer alone in that the steadystate AFR signal was decreased by TR plus Trx compared with a sample containing TR, Trx, and aurothioglucose. Further, selenocystine again decreased, and aurothioglucose completely reversed, the steady-state AFR signal. The relative changes induced by TR plus Trx compared with TR plus selenocystine are similar to those observed in the indirect NADPH assay and are compatible with the notion that the TR system can reduce the AFR. In experiments not shown, TR plus Trx in the absence of ascorbate failed to increase NADPH loss either in buffer alone or in buffer containing 50 mM AAPH. This suggests that the TR system did not consume the initiating oxidants in these EPR studies (i.e. molecular oxygen or radical species derived from AAPH).
We also used EPR to address the question of whether the AFR is an intermediate in the reduction of DHA to ascorbate by TR. Freshly prepared 1 mM DHA had no AFR signal, and incubation of 1 mM DHA with 0.1 M TR, 5 M Trx, and 0.2 mM NADPH under the conditions of the experiments in Fig. 5 failed to generate an AFR signal (results not shown). The absence of an AFR under conditions in which TR recycles DHA to ascorbate (see Fig. 1 ) strongly suggests that the AFR is not an intermediate in this two-electron reduction.
We next evaluated whether overnight-dialyzed cytosol from rat liver showed NADPH-dependent reduction of the AFR, when the latter was generated by the ascorbate-ascorbate oxidase system. To establish specificity for TR, results were compared between dialysates of liver cytosolic fractions from control and selenium-deficient rats, with the results shown in Table I . Selenium deficiency was produced by dietary restriction of the element, and control animals received the deficient diet with added selenium. TR activity, measured in the insulin reduction assay, was Ͻ7% of control in dialysates prepared from livers of selenium-deficient rats (Table I) . This confirms the presence of severe selenium deficiency. The addition of Trx doubled the ability of the control dialysates to reduce insulin disulfides. This stimulation is less than observed with purified TR (15) , suggesting that some endogenous rat liver Trx was retained in these dialysates.
AFR reduction was measured in the spectrophotometric assay of NADPH disappearance. In dialyzed control liver cytosol, this activity was inhibited by 10 M aurothioglucose (Table I) . When corrected for aurothioglucose-insensitive activity, AFR reduction was decreased to about 10% of control by selenium deficiency (Table I) . Selenocystine enhanced NADPH disappearance in control dialysates, although the relative effect was not as large as that observed with purified rat liver TR (see Fig.  1 ). The stimulation by selenocystine was also greatly diminished by aurothioglucose. Selenocystine had little effect in dialyzed cytosols from selenium-deficient animals.
To assess the component of NADPH reduction that was due to DHA reduction, DHA reductase activity was measured at 1 mM DHA in these experiments and is expressed as AFR equivalents in Table I . The activity at this high DHA concentration was comparable in magnitude with total AFR reductase activity. In separate experiments, DHA reductase activity was found to decrease in proportion to a decrease in the initial DHA concentration, falling from 4.4 Ϯ 0.6 to 0.6 Ϯ 0.2 nmol Ϫ1 ⅐ mg Ϫ1 ⅐min Ϫ1 at DHA concentrations of 1 mM and 0.2 mM, respectively. Ascorbate disappearance was also measured under the conditions of the experiment, as described earlier, and averaged 92 Ϯ 8 M/min in five experiments. Based on these measurements, DHA reductase activity should have contributed no more than 5% of the observed AFR reductase activity.
NADH-dependent AFR reductase activity was measured in liver microsomes and was much greater than NADPH-dependent activity when normalized to protein content (Table I) . There was no significant difference between activities in microsomes prepared from livers of control and selenium-deficient animals. NADPH-dependent AFR reductase activity in microsomes was very low and was undetectable in some preparations.
DISCUSSION
Whereas the major function of TR has been considered to be the reduction of protein disulfides, the mammalian enzyme can reduce chemically diverse substrates (27) . In this work, we present evidence that mammalian TR can catalyze a one-electron reduction of the AFR to ascorbate, using NADPH as the electron donor. This conclusion derives from results of a standard, but indirect, spectrophotometric assay that measures oxidative loss of NADPH and from EPR studies showing a TRdependent decrease in the steady-state AFR concentration. There are potential caveats for both assays. In the spectrophotometric assay, the reduction of DHA by TR will also consume NADPH. We have previously reported that TR can function as a DHA reductase (15) , so it is necessary to show that this activity does not account for the observed results. For both purified rat liver TR and overnight dialysates of liver cytosol, the DHA reductase activity of TR was calculated to contribute less than 10% of the observed activity, based on the measured rates of ascorbate oxidation and on the rates of reduction of a known initial concentration of DHA. The EPR studies directly demonstrate a decrease in the steady-state concentrations of the AFR in the presence of TR and the charge transfer agent selenocystine in comparison with AFR concentrations observed when TR is inhibited by aurothioglucose. These decreases could result from recycling of the AFR to ascorbate, which is the expected effect, or from a decrease in the concentration of the oxidizing species. In these studies, the oxidants were either oxygen free radicals present in oxygenated buffer, or peroxyl radicals derived from thermolytic decomposition of AAPH (31) . However, TR did not show significant NADPH oxidase activity in oxygenated buffer, nor did the enzyme enhance NADPH reduction in the presence of AAPH-derived peroxyl radicals. Taken together, the results of the two different assays strongly suggest that TR can reduce the AFR to ascorbate.
The mechanism by which TR reduces the AFR is not established by these studies. As recently described (32), the catalytic mechanism of TR appears to be in part analogous to that of glutathione reductase, in which electrons are transferred from NADPH by the flavin moiety to redox-active vicinal cysteine residues in the N-terminal portion of the enzyme (33) . For TR, electrons from the N-terminal cysteine residues must then be transferred to reduce an oxidized form of the penultimate selenocysteine that is present on the C-terminal end of the enzyme (34) . It is clear that the portion of the molecule containing selenocysteine is required for enzyme function (35) . This selenium could be two-electron-oxidized and bonded to the nearby cysteine (32), or, less likely, in the form of a selenenic acid (36) . Reduction of the AFR by TR requires a one-electron transfer. This could occur by transfer of an electron and proton from NADPH through the flavin of the enzyme, as proposed for reduction of the AFR by cytochrome b 5 reductase (37). However, our results showing acceleration of TR-dependent AFR reduction by added selenocystine and inhibition by aurothioglucose strongly implicate the selenium in the reaction. Reduction of the AFR might occur through concerted transfer of an electron and proton from selenocysteine selenol to reduce the AFR to ascorbate. This mechanism is facilitated by hydrogen bonding and is analogous to that proposed to explain transfer of an atom of hydrogen from ascorbate to the ␣-tocopheroxyl free radical (8) . Reduction of the AFR by selenocysteine selenol is also favored by a standard reduction potential for the selenol and its radical that is more negative than that of the ascorbate/ AFR pair (38) . By analogy to the behavior of thiyl radicals (39) , the thiyl anion of the nearby cysteine would then react with the selenium radical to form a selenide-sulfide bond (Se-S). This radical might be rapidly oxidized by molecular oxygen to yield superoxide as occurs with disulfide radicals (39) , or it might donate the free electron to another molecule of the AFR. Reduction of the remaining selenide-sulfide bond would then occur by the usual two-electron transfer from the N-terminal portion of the enzyme. Alternatively, the selenocysteine free radical or its sulfur-adduct could receive an electron from the fully reduced flavin of the enzyme (E-FADH Ϫ ) to form the semiquinone (E-FAD . ). Reduction of a second molecule of AFR by this mechanism would result in the oxidation of the semiquinone to the fully oxidized flavin (E-FAD), which would be recycled by NADPH. Additional studies will be required to establish details of the mechanism by which TR is able to reduce the AFR to ascorbate. Selenocystine also markedly accelerated the NADPHdependent reduction of DHA by TR. The mechanism of this effect may be contrasted with that proposed for reduction of the AFR, since it probably occurred by two sequential nucleophilic substitutions of DHA by selenocysteine selenol, analogous to the enzymatic (10) or direct chemical (9, 40) reduction of DHA by GSH. In support of such a mechanism is the observation that reduction of DHA by TR did not generate the AFR in the EPR studies. The effects of selenocystine on the kinetics of both AFR and DHA reduction by TR also suggest such a coupled mechanism, in which the low micromolar affinity of TR for selenocystine enhances both the affinity and maximal activity of TR for DHA and, to a lesser extent, for the AFR.
Despite the high affinity of TR for selenocystine, it is unlikely that free molecules of selenocystine or selenocysteine are involved in the function of TR within cells. Proteolysis of selenoproteins such as glutathione peroxidase will release selenocysteine (41) . However, selenocysteine ␤-lyase breaks down selenocysteine to selenide and alanine (42), making it questionable whether free selenocyst(e)ine is present in vivo. Nonetheless, it is possible that low molecular weight intracellular selenoproteins, which have been shown to exist in brain and muscle, may facilitate such a reaction. One candidate in those tissues is selenoprotein W, which has a molecular weight of 9550 in rat muscle and for which a function has not been discovered (43, 44) .
Using the spectrophotometric assay to follow disappearance of NADPH, it was possible to show that TR in overnightdialyzed cytosols from rat liver catalyzed reduction of the AFR to ascorbate. In these crude cytosols, reduction of the AFR or DHA by other enzymes could have produced the same results. Specificity for TR was demonstrated by almost complete loss of activity in cytosols prepared from livers of selenium-deficient rats, by inhibition with low concentrations of aurothioglucose (28) , and by stimulation with selenocystine. Direct measurements of the rate of ascorbate loss and DHA reductase activity again suggested that DHA reduction was only a small component of the observed activity. The relative contributions of NADPH-versus NADH-dependent AFR reductase activity to cellular AFR reduction are difficult to ascertain. The latter activity has long been associated with mitochondria and microsomes (19, 21, 22) , although a cytosolic NADH-dependent AFR reductase has been purified from human lenses (45, 46) . Microsomal NADH-dependent activity was readily demonstrated in rat liver microsomal fractions in the present work, and was much greater than microsomal NADPH-dependent AFR reductase activity. When normalized to protein, microsomal NADHdependent activity also was much greater than cytosolic TRdependent AFR reductase activity. However, comparison of cytosolic with microsomal activities based on protein content may only reflect a higher specific activity in microsomes rather than the extent to which these two activities actually contribute to AFR reduction in the cell. For example, a cytosolic location of TR may provide it greater access to cytosolic AFR and greater access to NADPH generated from glucose metabolism.
If recycling of both oxidized forms of ascorbate can contribute to the maintenance of cellular stores of the vitamin, the question arises as to whether recycling of DHA or the AFR is more important. In this regard, Morell and colleagues contend that there is no obligate DHA reductase in plant cells (47) . These authors found DHA reductase activity in several spinach chloroplast proteins that contain "vicinal" or nearby dithiols, including a Kunitz-type trypsin inhibitor (Cys-Pro-Phe-Cys) and Trx (Cys-Gly-Pro-Cys), but found no specific DHA reductase. They argued that, at least in plants, the AFR is reduced to ascorbate by NAD(P)H-dependent AFR reductases before DHA is generated and that what DHA is generated is reduced by protein dithiols. Indeed, the same thiol-containing Kunitz-type trypsin inhibitors that can reduce DHA have also been recently shown to function as AFR reductases (48) . Intracellular DHA concentrations are difficult to assess because of the tendency for ascorbate to oxidize during sample preparation. In rat liver, the content of DHA is reported to be about 10 -12% that of ascorbate, or in the range of 120 -140 nmol/g, wet weight, compared with 1.2-1.4 mol/g, wet weight, of ascorbate (49, 50) . DHA concentrations of this magnitude may inhibit enzymes that show thiol redox regulation (27) . For example, Morell, et al. (47) also found that DHA concentrations above 50 M inhibit Trx-mediated disulfide activation of NADP-malate dehydrogenase and fructose-1,6-bisphosphatase from chloroplasts. Thus, DHA concentrations are likely to be much lower than measured in cells, possibly due to recycling from the AFR before DHA is formed.
Another problem for recycling of DHA is that the apparent K m values for several enzymes known to reduce DHA to ascorbate are not appropriate for such intracellular DHA concentrations. For example, both GSH-and NADPH-dependent DHA reducing enzymes have low millimolar affinity for DHA: glutaredoxin (0.2-2.2 mM) (51), protein-disulfide isomerase (1 mM) (51), 3␣-hydroxysteroid dehydrogenase (4.6 mM) (14) , and TR (2.5 mM) (15) . Whereas Trx enhances the K m of TR to just below 1 mM and selenocystine decreases it to 0.3 mM, these values are still inappropriately high for DHA concentrations in the low micromolar range. The present studies show that TR alone and TR in the presence of selenocystine can reduce the AFR to ascorbate. This reaction occurs with an apparent affinity in the range of 3 M, which is in the range expected for the AFR in cells undergoing oxidant stress (52, 53) . Additional support for recycling of the AFR as opposed to DHA derives from comparative studies carried out by Coassin, et al. (54) , who found in several pig tissues that AFR reductase activity is usually greater than GSH-dependent DHA reductase activity and that there is little NADH-dependent DHA reductase activity evident at DHA concentrations below 100 M. A related question not addressed in this work is whether the AFR can be reduced by GSH or GSH-dependent enzymes. However, Roginsky and Stegmann (55) were unable to show that low millimolar concentrations of GSH affected the concentration of the AFR when the latter was generated either by methylene blue or by chelated ferric iron.
In conclusion, these studies support the notion that mammalian TR can function as an AFR reductase and that this activity may contribute to NADH-dependent mechanisms in helping to maintain cellular stores of the reduced form of the vitamin.
